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Laser desorption/ionization combined with Fourier transform ion cylcotron resonance mass 
spectrometry (LD/FT/JCR/MS) is a proven technique for the analysis of nonvolatile materi- 
als. Unfortunately, LD tends to produce a large excess of neutral species compared to ions. 
Laser desorption followed by chemical ionization (LD/CI) by use of a reagent gas is a 
seIective and sensitive means of control in the analysis of nonvolatile compounds. In this 
article we demonstrate the technique of ammonia LD/CI by addition of a small amount of 
ammonium bromide (NH,Br) to an involatile sample, i.e., the ammonium salt is used in 
place of ammonia reagent gas. For various aromatic hydrocarbons, abundant (M + H)+ 
ions are produced as a result of CL A primary advantage of this method in FT/ICR/MS is 
that selective LD/CI experiments may be conducted at low pressure as in pulsed valve CI 
(but without the need for pulsed valve operation), thereby providing the potential for 
obtaining high-resolution FT/ICR mass spectra. {J Am Sot Muss Spectmm 1991, 2, 299-304) 
L 
aser desorption (LD) has emerged as a versatile 
and reliable ionization technique for the analy- 
sis of a wide variety of nonvolatile and/or ther- 
mally fragile molecules, such as polymers and their 
additives, biomolecuIes, and polycyclic aromatic hy- 
drocarbons [l-5]. Because a pulsed laser is a pulsed 
ionization source, it is most optimally coupled to a 
pulsed mass analyzer: either time-of-flight (TOF) or 
Fourier transform ion cyclotron resonance (FT/ICR). 
Unfortunately, LD tends to produce a large excess 
(factor of lo3 or higher) of neutrals compared to ions 
[6-91. Among several techniques for enhancing ion 
yield in LD, the simplest and most common method 
has been to add to the sample a small amount of alkali 
halide salt [1,2,4,6]; the laser pulse then produces a 
large abundance of gas-phase alkali cations which 
may attach to laser-desorbed neutrals to form abun- 
dant cationized species [e.g., (M + K)+ in the case of 
KBr] . 
The sensitivity of LD has also been increased by 
use of “postionization”; namely, ion formation occur- 
ring after the initial desorption step. Postionization 
methods used to date with LD include resonance-en- 
hanced multiphoton ionization (REMPI) [lo-131, elec- 
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tron ionization (LD/EI) [14-171, and chemical ioniza- 
tion (LD/CI) [ 18,191. The main disadvantage of LD/EI 
is that there is often no obviously identihable molecu- 
lar ion in the mass spectrum; however, significant 
structural information may be obtained from the frag- 
mentation pattern. Resonance-enhanced multiphoton 
ionization is a “softer” ionization method (i.e., pro- 
duces less ion fragmentation) than LD/EI; however, 
ionization occurs only if the laser frequency is tuned 
to an absorption band of the sample. Thus, REMPI 
can be extraordinarily sensitive in detecting molecules 
that exhibit strong optical absorbance at the laser 
frequency. Laser desorption/chemical ionization is 
more generally applicable because CI [20] is already 
well established as a soft-ionization method [21,22]. In 
LD/CI, desorbed neutrals are postionized by reagent 
gas ions in a process that may be made somewhat 
selective by appropriate choice of CI reagent gas. For 
example, in the typical case of proton attachment, the 
formation of (M + H)+ species formed by proton 
transfer from a protonated reagent gas occurs only if 
the proton affinity (PA) of the sample molecule, M, 
exceeds that of the reagent gas, B: PA(M) > PA(B), as 
shown in eqs 1 and 2 [21,22]. 
B + H+% BH+ PA(B) = -AH (1) 
M + BH+-‘MH++ 8, if PA(M) > PA(B) (2) 
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Adduct formation [e.g., (M + NHI)+ in the case of 
ammonia CI] is possible if the pressure in the ion 
source is sufficient to permit multiple collisions be- 
tween neutral reagent gas molecules and adduct ions 
during an ion’s average residence period in the ion 
source. Such collisions stabilize the adduct ions by 
removing excess energy released by bond formation. 
Adduct formation is not as prevalent at low pressure 
because of an insufficient number of collisions needed 
to stab&e the intermediate [23-2.51. 
In this article we demonstrate that the ammonia 
LD/CI method can be performed without addition of 
NH3 reagent gas, provided that ammonium bromide 
(NH,Br) salt is added to the sample beforehand. 
Chemical ionization without a reagent gas (“self-CI”) 
has previously been demonstrated in cases where the 
parent molecule has a higher proton affinity than its 
electron-ionized daughter fragments [26,27]. More- 
over, ammonium salts have previously been em- 
ployed in other desorption ionization techniques, such 
as molecular secondary ion mass spectrometry (SIMS) 
[28-301 and thermospray [31-331. Because an ammo- 
nium salt reagent is used, and because FT/ICR mass 
resolving power varies inversely with pressure in the 
ICR ion trap [34], the NH,Br LD/CI experiment can 
produce high-resolution LD/CI/FT/KR mass spectra, 
as in conventional pulsed-valve CI/FT/ICR [35], but 
without the need for a pulsed valve. Furthermore, 
because low pressure is maintained throughout the 
experiment, adduct formation is minimized. 
Experimental 
lnstrumenfal 
A dual-trap Extrel ETMS-2000 (Extrel FIMS, Madison, 
WI) FT/ICR mass spectrometer, operating at 3.0 Tesla, 
with the usual diffusion pumps replaced by Helix 
Technology CryoTorr-8 cryopumps for both source 
and analyzer vacuum chambers, was used in all of the 
present experiments. Details of the mechanical and 
electronic interface (see Figure 1) between the mass 
spectrometer and a Continuum (Santa Clara, CA) 
Model YG-660A Nd:YAG laser operating at the fun- 
damental wavelength (1.064 FL) with an output of 360 
mJ per pulse are described elsewhere [36]. 
Samples 
The hydrocarbons used in this study were pyrene (l), 
2-methylanthracene (2), hexamethylbenzene (3), and 
coronene (4) (all from Aldrich Chemical Co., Milwau- 
kee, WI}. For EI, - 100 rg of sample was placed on a 
direct-insertion probe which was then pushed close (a 
few millimeters) to the trap electrode of the “source” 
half of the ICR dual-trap of the mass spectrometer. 
For LD/CI conditions, - 1 mg of sample was dis- 
solved in 1 mL of solvent (methanol, acetone, or 
water), and lo-100 pL of the solution was applied to 
the plate and allowed to dry in air. Coronene is 
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Figure 1. Schematic of the mod&d laser optics of the FTMS- 
2000. The notation SW refers to the sapphire window interface 
between the outside and the vacuum chamber. 
insoluble, but was wefted with acetone and allowed 
to air dry so that it would adhere to the sample plate 
more easily. After air drying, 0.5-5 PL of 1 mg/mL 
ammonium bromide (Fluka Chemika-Biochemika, 
Ronkonkoma, NY) in methanol was applied to the 
sampie plate and aIlowed to air dry. 
Mass Spectra 
For El experiments, the probe was heated to 40 “C for 
pyrene (l), 2-methylanthracene (2), and hexamethyl- 
benzene (3) to increase volatility for improved ion 
yield. The probe was heated to 230 “C for coronene 
(4) to compensate for its inherently lower volatility. 
Ionization was achieved by an electron beam of 5.0 
ms duration at an emission current of 5.0 PA mea- 
sured directly behind the filament and biased - 70 V 
with respect to the FT/ICR ion trap. After transfer of 
ions from the source to the analyzer trap, ions were 
trapped with a dc potential of 2.0 V applied to each of 
the end plates. In every case, 500 time-domain tran- 
sients of 64K data points were collected and padded 
with an additional 64K zeroes before discrete FT. AI1 
spectra were collected at analyzer cell pressure of 
<l x 10-9 torr. 
The experimental LD/FT/ICR event sequence is 
shown in Figure 2. First, positive and negative ions 
inside the source and analyzer traps are removed by 
means of a “quench” pulse of +lO V applied to one 
trap electrode and - 10 V to the other. After a short 
delay period (DQ), a Iaser pulse of - 10 ns duration 
raises the pressure in the system by a factor of ap- 
proximately two, because of desorption of a plume of 
neutrals from the irradiated sample. A delay period 
(D3) following LD allows neutrals to be pumped away, 
thereby lowering the pressure in the system before 
radiofrequency excitation and detection, and provid- 
ing for enhanced mass resolution (because FT/ICR 
mass resolving power varies inversely with pressure 
[34]). During this delay period NH: may attach to the 
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Figure 2. Experimental event sequence for a typical laser de- 
sorption experiment in Fourier transform ion cyclotron reso- 
nance mass spectrometry. Ql and Q2 are ion removal (quench) 
events, LD is the laser desorption ionization event, EX is the ion 
excitation event, RC is the ion detection event, and DQ, D3, and 
DZ xe variable delay periods. 
desorbed neutrals, followed by release of NH, to give 
pseudomolecular (M + H)+ ions, which are immedi- 
ately trapped in the source side trap by a dc potential 
of 2.0 V applied to the end plates. These ions are then 
excited and after a brief delay time (DZ) detected in 
the direct mode. In contrast to El experiments, spectra 
were obtained from a single-shot LD time-domain 
signal (64K data, padded with an additional 64K 
zeroes before discrete ET). All LD/FT/ICR mass spec- 
tra were obtained at source pressures ranging from 
- 1.8-4.0 x 10-s torr. 
Results and Discussion 
Mechanism of Ammonia Laser 
Desorption /Chemical Ionization with NH, Br 
Reagent 
In the conventional LD/CI experiment [l&19] a great 
deal of selectivity is possible because the reagent gas 
used is capable of protonating only compounds with 
proton affinities higher than that of the reagent gas. 
Table 1 lists the proton affinities [37] for the four 
hydrocarbons in the present experiments; all have 
Table 1. Gas-phase proton affinities 
Compound 
2.Methylanthracene 
Hexamethylbenrene 
PyWle 
Coronene 
Ammonia 
Gas-phase PA” 
Molecular formula IkJjmol) 
C,,Hu * 880 
C&H,), 867 
C,&‘,o 862 
CwH,z 858 
NH!4 853.5 
proton affinities greater than that of ammonia. Thus, 
each should exhibit some degree of protonation. The 
overall mechanism for a reagent gas-less LD/Cl exper- 
iment based on NH4Br rather than gaseous NH3 is 
straightforward and involves the following well-un- 
derstood steps: 
Laser pulse 
MsoIid + Mgaz 
NH4Bhid kYse NH&, + Bfs 
M sas+ NHfas-’ [M~~*H***NH,~& (5) 
[M . . . H-..NH,],+,+H;~+ NH, (6) 
[M...H . . . NH&-; + X -+ MNH&, + X (7) 
in which X represents neutrals (e.g., sample or other 
gas). Desorption (eq 3) produces a large excess of 
neutrals over ions [6-91. The NH,Br salt is readily 
dissociated by the laser pulse into cation and anion 
(eq 4). In the gas phase, the sample and NH: cation 
react with one another to form an unstable intermedi- 
ate (eq 5), which may then suffer one of two fates. If 
the proton affinity of the sample exceeds that of am- 
monia and the pressure is low in the source side trap, 
the intermediate will readily expel ammonia gas to 
yield a protonated pseudomolecular ion, as shown in 
eq 6. Alternatively (eq 7), the intermediate may form 
the cationized species if the pressure is sufficiently 
high to remove excess energy from the intermediate 
by ion-neutral collisions. 
Electron Ionization versus Ammonia Laser 
Desorption /Chemical Ionization with NH, Br 
Reagent 
Pyrene. A conventional EI/FT/lCR mass spectrum of 
pyrene introduced via a heated direct insertion probe 
is shown in Figure 3a. The mass spectrum shows little 
fragmentation, and gives the expected odd-electron 
molecular ion, M+’ and its carbon-13 isotope peak, at 
m/t 202 and 203. The isotope peak magnitude is 
- 17% of that of the molecular ion peak, in good 
agreement with the expected isotopic abundance of 
13C12C15H&, showing that essentially no (M + H)* is 
present. Figure 3b displays an LD/FT/ICR mass spec- 
trum of pyrene when NH,Br is added. The odd-elec- 
tron molecular ion at M fz 202 gives rise to the “base” 
(i.e., largest) peak, just as with EI; however, the 
LD/FT/ICR mass spectrum is virtually free of frag- 
ment ion peaks, in agreement with the lack of frag- 
ment ions previously observed for LD of pyrene [38]. 
Moreover, the m/z 203 ion abundance is now en- 
hanced relative to the molecular ion (see Table 2), 
showing that (M + H) * ions (12C16H&) must have 
been formed by ammonia CI. A small peak (-2% 
relative abundance) at 111 /z 228 is the molecular ion of 
‘These values were obtained from ref 37. tetracene. 
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Figure 3. Positive-ion FT/XX mass spectra of pyrene acquired 
by (a) EI, probe heated to 40 “C, and (b) Nd:YAG LD/FT/ICR 
with added NH,Br. 
2-Mefhylunthrucene. The EI/FT/ICR mass spectrum 
of 2-methylanthracene heated to 40 “C (Figure 4a) 
shows the odd-electron molecular ion at m/z 192, an 
isotope peak with the expected relative abundance 
(16%) for 13C12C,,H& and a number of fragment 
peaks. The correspond&g LD/FT/ICR mass spectrum 
of 2-methylanthracene with added NH,Br (Figure 4b) 
exhibits few fragment ions. The odd-electron molecu- 
lar ion at m/z 192 gives rise to the base peak, and an 
increased abundance of ions of M/Z 193, because 
of the formation of i2C,sH&, is observed (see Table 
2). Although Zmethylanthracene has a higher proton 
affmity then pyrene, the relative abundance ratio, 
[MH+]/[M+’ 1, is smaller for 2-methylanthracene than 
for pyrene. Provided that the proton transfer reaction 
is significantly exothermic the reaction may be ex- 
pected to occur at the collision rate [21]. In that limit, 
the [MH+]/[M+’ ] ratio will be governed by at least 
three parameters: degree of fragmentation of MH+ to 
form M*’ [39], irradiance of the laser beam [19] (which 
determines the initial amount of M+’ formed in the 
plume of desorbed species), and concentration of NH: 
in the plume of the various desorbed species [19]. 
EI/FT/ICR 
LDIFTIICR 
50 100 150 
m/z 
A 
t”C”C,,H,,l 
/ 193 
z?+-- 250 
Figure 4. Positive-ion FT/ICR mass spectra of Zmethyl- 
anthracene acquired by (a) El, probe heated to 40 “C, and (b) 
Nd:YAG LD/lT/ICR with added NH,Br. 
Thus, variations in the [MH+]/[M+’ ] ratio between 
various hydrocarbons may be expected. 
Hexnmethylbenzene. An EI/FT/ICR mass spectrum of 
hexamethylbenzene (the only nonpolycyclic aromatic 
hydrocarbon used in this study) heated to 40 ‘C is 
shown in Figure 5a. There is considerable fragmenta- 
tion, e.g., the base peak at m/z 147 now corresponds 
to loss of a methyl radical from the moIecular ion. The 
odd-electron MC’ molecular ion at m/z 162 is also 
observed, as is the isotope peak at m/z 163. How- 
ever, the LD/FI/ICR mass spectrum with added 
NH,Br (Figure 5b) yields (M + H)+ as the base peak 
at m/z 163, with M+’ reduced in abundance, as 
shown in Table 2. (M - CH,)+ remains prominent at 
m /z 147. Because the relative abundance of the proto- 
nated molecule is greater than that of the molecular 
ion, protonation by LD/CI is evidently favored over 
direct photoionization. Simiiar results have been ob- 
served by others who performed LD/CI using a 
reagent gas [18,19]. 
Coronene. The EI/FT/ICR mass spectrum of coronene 
heated to 230 “C (Figure 6a) displays very little frag- 
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Figure 5. Positive-ion FT/ICR mass spectra of hexamethylben- 
zene acquired by (a) EI, probe heated to 40 ‘C, and (b) Nd:YAG 
LD/IT/ICR with added NH,Br. 
mentation. (The peaks observed in the m/z 192 re- 
gion are due to residual 2-methylanthracene.) The 
odd-electron molecular ion at m/z 300 is the base 
peak. The peak at m/z 301 is 27.5% abundant relative 
to the odd-electron molecular ion base peak at m/z 
300, i.e., slightIy higher than the expected isotopic 
abundance value of - 26.1% for 13C12C,3H&. In con- 
trast to the three prior compounds, coronene’s 
LD/FT/ICR mass spectrum in the presence of added 
NH4Br (Figure 6b) shows much more fragmentation 
than the corresponding EI spectrum; the LD/FT/ICR 
mass spectral base peak is at m/z 145, which may be 
C,,H+ (see below); M+’ and (M + H) + are also ob- 
served at lower relative abundances. The relatively 
high abundance of fragments, particularly m/z 145, is 
Table 2. Ratio of MH+ to M+‘in EI/FT/ICR and LD/FT/ICR 
El/FT/W LD/FT/ICR 
Compound klIIi+/PA+ rwi+/lul+ 
PyWle 0.172 0.431 
Z-Methylanthracene 0.162 0.345 
Hexamethylbenzene 0.174 1.700 
C0Wlelle 0.275 0.537 
B C,P 
145 
LD/FT/ICR 
IiQ 2dQ 3io 3bo 
m/z 
Figure 6. Positive-ion FT/ICR mass spectra of coronene ac- 
quired by (a) EI, probe heated to 230 =C, and (b) Nd:YAG 
LD/FT/ICR with added NH,Br. 
somewhat surprising because LD usually produces 
relatively few fragment ions [40], as in prior LD mass 
spectra of coronene [41,42]; however, the CL ion 
series (n = 1-15) was observed when high laser irra- 
diance was used [41]. A possible mechanism to ac- 
count for the presence of C12H+ begins from the 
formation of protonated coronene (eq 8a), followed by 
loss (eq 8b) of six acetylenes (generated from the 
olehnic carbons and hydrogens around the perimeter 
of the coronene ring system) to leave only the twelve 
innermost carbons with a single attached proton: 
C,,H,, + NH:+ C,H&* + NH, Pa) 
CXH:; --t C,H++ 6 C,H1 P) 
The loss of acetylenes from polycyclic aromatic hydro- 
carbons has been observed previously [39]. Moreover, 
Hercules and co-workers reported the negative ion 
C,H- from coronene under LD conditions [43]. The 
conformation of C1*H+ may not necessarily remain 
planar, as in unprotonated coronene, but such a con- 
formation cannot be determined from the present 
FT/ICR experiments. The empirical formula of the ion 
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at m/z 145 was confirmed by exact mass measure- 
ment to be C,,H+ and not CnH& The present result 
is similar to that obtained by Mclver and co-workers 
[19], who also observed a protonated fragment as the 
most abundant species when they used LDjCI with 
methane reagent gas to ionize thymidine. 
12. Tembreull, R.; Lubman, D. M. Anal. Chem. 1987, 59, 
1082-1088. 
13. Grotemeyer, J.; Schlag, E. W. Org. Mass Spt-ctrom. 1987, 22, 
758-760. 
14. Shomo, R. E. II; Marshall, A. G.; Weisenberger, C. R. A&. 
Chem. 1985, 57, 2940-2944. 
Conclusions 
The experiments described in this article indicate that 
for investigations where LD/CI with ammonia reagent 
gas is desired, NH,Br may be substituted for gaseous 
NH, as a selective means of increasing the sensitivity 
of LD ionization. Not only are more total ions ob- 
served in the molecular ion region when the dopant is 
used as a Cl reagent, but in some cases the pseudo- 
molecular (M + H)+ ion may be the highest magni- 
tude peak in the mass spectrum. Additional sensitiv- 
ity may be obtained through the protonation of struc- 
turally signihcant fragment ions, as was observed for 
coronene. The low pressure in the source-side ion 
trap, even during and immediately after LD, selects 
against formation of cationized pseudomolecular ions 
such as (M + NH:). With the present improvement, 
LD/CI with FT/ICR/MS can provide for accurate mass 
measurement under CI conditions 1441, without the 
need for self-Cl or pulsed valve operation. 
15. Sherman, M. G.; Kingsley, J. R.; Dahlgren, D. A.; Hem- 
minger, J. C.; McIver, R. T., Jr. Surf. Sci. 1985, 148, L25-L.32. 
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